Background--Duchenne muscular dystrophy (DMD) is frequently complicated by development of a cardiomyopathy. Despite significant medical advances provided to DMD patients over the past 2 decades, there remains a group of DMD patients who die prematurely. The current study sought to identify a set of prognostic factors that portend a worse outcome among adult DMD patients.
D
uchenne muscular dystrophy (DMD) is an X-linked disorder that affects 1 in 3500 to 5000 males born in the United States. 1 Traditionally, DMD is a condition primarily affecting children. As recently as 2 decades ago, the life expectancy for this condition was less than 20 years of age. However, over the late 1980s and early 1990s, improvements in home ventilator care and spinal surgery pushed the average age of mortality into the mid to late 20s. 2, 3 As a result, the disease course has extended out of the realm of pediatrics and into the adult healthcare system. This improvement in early mortality has led to a change in the mode of death. Whereas before pulmonary complications were the primary driver of mortality, currently the development of a cardiomyopathy is the most prevalent cause of death. The development of a cardiomyopathy is a well-defined consequence of DMD. Cardiac abnormalities become noticeable very early in the course of the disease, and by the time patients are 18 years old, the majority will have developed a cardiomyopathy. 4 Given the high burden of cardiomyopathy in this population, focused cardiovascular care is now recommended as part of a multidisciplinary approach to DMD treatment. 5 Currently, DMD patients are treated in a similar manner to those patients with traditional nonischemic cardiomyopathy. 6, 7 Standard guideline-directed heart failure medical therapy such as angiotensin-converting enzyme inhibitors, [8] [9] [10] [11] angiotensin II receptor blockers, 12 b-blockers, 10, 13, 14 and mineralocorticoid receptor antagonists 15 have all demonstrated various levels of efficacy at treating DMDassociated cardiomyopathy. In addition, many of these patients receive steroid therapy, which has been suggested to improve both overall survival and delay progression in the cardiomyopathy. [16] [17] [18] In recent years, there has been some very limited data on heart transplantation and durable mechanical circulatory support in DMD patients with severe cardiomyopathy, though overall these types of therapies remain reserved for a minority of patients. [19] [20] [21] However, most of these data have been obtained from the pediatric population and, until recently, care of this cohort of patients has been under the purview of pediatric cardiologists. Furthermore, natural history data suggest that the development of a cardiomyopathy is not adequately diagnosed and treated. In 1 study, only 50% of DMD patients over the age of 18 with evidence of cardiomyopathy were on heart failure medications. 22 As this population ages, adult cardiologists, especially heart failure-trained cardiologists, will need to become more familiar with these patients and be able to recognize those at high risk for poor outcomes. The University of Texas Southwestern Medical Center has a robust adult Neuromuscular Cardiomyopathy Clinic and has a National Institutes of Health-funded Wellstone Muscular Dystrophy Cooperative Research Center with a particular emphasis on identifying a therapeutic treatment for DMD. Adult DMD patients are followed and managed by a single heart failure/ Ventricular Assist Device/transplant-trained cardiologist with specific expertise in neuromuscular-associated cardiomyopathy. In the current study, the aim was to identify poor prognostic factors in DMD patients recently referred to this clinic to receive specialized cardiovascular care. We hypothesized that nonsurviving DMD patients have a set of prognostic factors that portend a worse outcome as compared with the surviving DMD patients. The identification of poor prognostic factors will enable the ability to differentiate DMD patients who are at higher risk of death.
Methods
The current study was undertaken under the auspices of an approved Institutional Review Board protocol and handled in accordance with the University of Texas Southwestern Medical Center's Institutional Guidelines. Since this study was a retrospective cohort study, the requirement for informed patient consent was waived. A retrospective chart review was undertaken on 43 consecutive DMD patients who were followed in the UT Southwestern Neuromuscular Cardiomyopathy Clinic and who had their initial clinic visit between January 1, 2006 and June 30, 2016. These patients were identified using administrative diagnostic codes for DMD supplemented with chart-based verification by a cardiologist and prior genetic testing from the childhood records. Patients who had at least 6 months of follow-up in the Clinic were included in the analysis.
All DMD patients who transition from the pediatric clinics to the adult clinics within the UT Southwestern Health Care system are referred to the Adult Neuromuscular Cardiomyopathy Clinic. Prior to the transition, the cardiovascular care of these DMD patients was not standardized. However, once these DMD patients transited to the Adult Neuromuscular Cardiomyopathy Clinic, they all underwent a comprehensive cardiopulmonary assessment utilizing a standard protocol under the care of an American Board of Internal Medicine board-certified heart failure/transplant cardiologist.
Demographic, laboratory, echocardiographic, electrocardiographic (via a 12-lead ECG and a 24-hour Holter monitor), medication, and pulmonary function data obtained at the time of the initial clinic visit were abstracted from the medical
Clinical Perspective
What Is New?
• In 2017, most Duchenne muscular dystrophy (DMD) patients live into young adulthood, with the majority of these patients developing a cardiomyopathy.
• The majority of young adult DMD patients are on angiotensin-converting enzyme inhibitors and steroids, but few other guideline-directed heart failure medications.
• The current study identified several important factors that are associated with death, including being underweight, and having poor respiratory profiles and elevated cardiac biomarkers.
• These factors highlight a high-risk DMD population with a worse cardiovascular and overall prognosis.
What Are the Clinical Implications?
• The growing adult DMD population is a continuing challenge for the adult cardiology community, and studies investigating this groups' specific clinical characteristics are vital to delivering appropriate care to this high-risk population.
• The current study is an initial step toward recognizing the high-risk subset of patients within the DMD population, allowing for more intensive and tailored approaches to therapy.
• Future studies will expand upon the current findings with prospective, multicenter models to create predictive models and investigate novel approaches to treating DMD-associated cardiomyopathy.
• Ultimately, these future studies will provide better cardiovascular care to this emerging and vulnerable population.
records. Echocardiographic data were collected during the course of routine medical care. All images were interpreted by board-certified cardiologists in accordance with guidelines set by the American Society of Echocardiography. 23 The left ventricular ejection fraction was determined by the biplane method of discs in the apical 4-chamber views. Wall thickness and chamber dimensions were measured in the parasternal long-axis views. Data from comprehensive pulmonary function testing, which included the maximal inspiratory pressure (MIP) and maximal expiratory pressure, were also collected during the course of routine medical care. The pulmonary function tests were read by board-certified pulmonologists in accordance with guidelines set by the American Thoracic Society. 24 Patients were stratified by whether or not they survived to the time of the analysis. Data were compared between the nonsurvivor and survivor cohorts to assess for differences between the 2 groups. Hospitalizations during the follow-up period were catalogued as cardiac, pulmonary, or noncardiopulmonary. Hospitalizations were considered cardiac if the primary reason for hospitalization was decompensated heart failure, arrhythmia, or chest pain/acute coronary syndrome. Pulmonary hospitalizations included viral or bacterial pneumonias and acute respiratory failure. The cause of death in the nonsurvivors was abstracted from the chart and classified as either cardiac or pulmonary. Sudden death was considered a cardiac cause, given that most sudden death in this age group is considered cardiac in nature. 25, 26 In order to account for the possibility of age differences between the nonsurvivors and survivors, an age-matched subgroup analysis was undertaken. Nonsurviving patients were age-matched in a 1:2 ratio with surviving patients. Each unique survivor was included one-time only. One nonsurvivor patient was removed for inability to age-match because of very advanced age compared with the rest of the population. Seven nonsurvivors and 14 survivors were compared across all parameters.
Statistical Methods
Statistical comparisons for continuous variables were done by Mann-Whitney U testing. Proportions were compared by the Fischer exact test. P<0.05 were considered statistically significant. All analyses were performed using SAS version 9.4 (SAS Institute Inc, Cary, NC).
Results

Baseline Characteristics
Forty-three patients with the diagnosis of DMD were identified, all of whom were confirmed via genetic testing. Median follow-up time in the clinic for the whole group was 28 months (interquartile range: 13-52). Median age of the population on entering the clinic was 21 years old (21) (22) (23) (24) , while median age at the time of analysis was 24 years (21) (22) (23) (24) (25) (26) (27) . Demographic, comorbidity, and medication data obtained at the initial clinic visit are presented in Table 1 , while the baseline characteristics are displayed in Table 2 . The majority of the population was white (56% white, 33% Hispanic, 7% Asian, and 4% black). All the DMD patients had 27, 28 Most patients were on angiotensin-converting enzyme inhibitors or angiotensin II receptor blocker therapy (86%) on arrival to the clinic, but only about a third of patients were receiving b-blockers (37%). Oral steroid therapy was present in just over half of the patients (56%). There was limited use of mineralocorticoid receptor antagonist and diuretic therapy (7% and 5%, respectively). The proportion of patients on guideline-directed medical therapy increased by the end of the analysis period, especially in regard to bblocker and mineralocorticoid receptor antagonist therapy (Table 3) . Nearly half of all the patients had some degree of elevation in the hepatic enzymes (44%), with a median aspartate aminotransferase of 38 units/L (32-49) and median alanine aminotransferase of 46 units/L (34-71). Every patient included in the analysis underwent comprehensive pulmonary function testing, which was consistent with restrictive lung disease, and the majority were using home ventilator therapy (79%). The percent forced expiratory volume in 1 s to forced vital capacity was elevated, consistent with restrictive lung disease (median 89% [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] ). In addition, the maximal expiratory pressure and MIP, which reflect the strength of the diaphragm, were low (Table 2 and The ejection fraction, as assessed by echocardiography, was moderately depressed, with a median ejection fraction in the group of 35% . Left ventricular cavity dimensions showed a median left ventricular end-diastolic diameter of 4.5 cm (3.9-5.3). Only 16% of patients had an automatic implantable cardioverter-defibrillator in place, with 9% of patients having combined biventricular pacemaker/automatic implantable cardioverter-defibrillator devices. While 58% of patients had some evidence of ventricular ectopy (0.5-1.5% of the total recorded beats) on either Holter monitoring or automatic implantable cardioverter-defibrillator interrogation, no patient had sustained ventricular tachycardia or ventricular fibrillation. With respect to cardiac biomarkers, the median N-terminal pro-brain natriuretic peptide (NT-proBNP) for the evaluated group was in the normal range (median 59 pg/dL ). Creatinine kinase levels were elevated (median 531 ng/dL [379-784]). Cardiac troponin values were detected at low levels in a minority of patients (40%). Electrocardiographic intervals were within normal limits, with a median PR interval of 126 ms (119-136), median QRS duration of 91 ms (85-100), and median QTc interval of 427 ms (404-443).
Just under half of the total population was hospitalized or had an emergency room visit at least once (19/43 or 44%), with 50 total events during the course of follow-up (1 event per 2.43 patient years). There were nearly equal proportions of cardiac (12/50 or 24%) and pulmonary (11/50 or 22%) hospitalizations or emergency room visits; the remaining admissions were for noncardiopulmonary complaints, primarily gastrointestinal or musculoskeletal issues.
Nonsurvivors Versus Survivors
Eight of the 43 patients died after establishing care within the clinic. Five of these patients died suddenly in their sleep, 1 died of heart failure in the hospital, and 2 patients died of sepsis secondary to pneumonia (Table 4) . Upon entry into the clinic, the nonsurviving cohort was older as compared with the surviving cohort (median age 24 [22] [23] [24] [25] [26] [27] [28] [29] versus 21 [20] [21] [22] years, nonsurvivors versus survivors, P=0.01). Both cohorts had a similar amount of follow-up time in the clinic (28 [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] versus 33 months, nonsurvivors versus survivors, P=0.96). The median age of death among the nonsurviving cohort was 26 years old (24) (25) (26) (27) (28) (29) (30) (31) . Comorbidities were similar in both subgroups, except the surviving cohort had a higher proportion of patients with elevated hepatic enzymes (0% versus 54%, nonsurvivors versus survivors, P<0.01). Medical therapy before establishing care in the clinic was similar in both cohorts, with no significant difference in proportions of patients on angiotensin-converting enzyme inhibitors/angiotensin II receptor blockers, b-blockers, digoxin, and mineralocorticoid receptor antagonists, though steroid use trended towards significance (25% versus 63%, nonsurvivors versus survivors, P=0.06). Guideline-directed medical therapy use increased in both groups by the end of the analysis period (Table 3 ). There was no difference in the percentage of any hospitalizations (50% versus 43%, nonsurvivors versus survivors, P>0.99); however, there was a trend towards the nonsurvivors being more likely to be hospitalized for cardiopulmonary reasons (50% versus 17%, nonsurvivors versus survivors, P=0.07) (Figure 2 ). Baseline vital signs on entering the clinic were similar between the 2 cohorts. The nonsurviving cohort had significantly lower body weights and BMIs on arrival at the clinic when compared with the surviving cohort ( 
P<0.01).
A larger but not statistically significant proportion of patients in the nonsurviving cohort had ejection fractions <50% as compared with the surviving cohort (87% versus 59%, nonsurvivors versus survivors, P=0.15). The groups had similar baseline ejection fractions on echocardiography (38% [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] 
Discussion
As the DMD population survives longer because of improvements in respiratory and spinal care, adult cardiologists, specifically heart failure cardiologists, will be providing care to an increasing number of these patients. As such, it is important to begin to define the phenotype of adult DMD patients and what factors should receive particular attention when evaluating a DMD patient in the clinic. To the best of our knowledge, the current study is the first to specifically describe the clinical characteristics of adult DMD patients (age >18 years) and describe factors that may be associated with higher risk of death within adult DMD patients.
Baseline Characteristics of Adult DMD Patients
The baseline characteristics provide a framework of the types of patients that an adult cardiologist who delivers care to this vulnerable population can expect to encounter. A standard clinic population will comprise patients mostly in their early 20s with a high degree of pulmonary disease and ventilator use, ideally managed in a multidisciplinary clinic in collaboration with a pulmonologist specializing in the care of patients with neuromuscular disorders. The described clinic population had medication regimens that vary, with lower penetrance of initial b-blocker use as compared with other, more traditional nonischemic cardiomyopathy populations. There was relatively little use of diuretics in this population. Steroid therapy was commonly used, the benefit of which has been demonstrated in previous trials, [16] [17] [18] making it important for a cardiologist managing DMD patients to be familiar with the dosing regimens prescribed for this indication. 29 In keeping with the majority of cardiomyopathy clinics around the country, the practice of this particular clinic was to aggressively initiate and uptitrate guideline-directed medical therapy for heart failure. Achieving target dosages of these medications was less successful, though in general this is a common occurrence in the management of heart failure patients. 30 Cardiac function should be closely monitored and the data suggest that one should expect high rates of cardiac dysfunction. However, the degree of cardiac dysfunction may be subtle. In our study, cardiac function was measured by echocardiography; however, cardiac magnetic resonance imaging has proven to be a more sensitive method for assessing cardiac dysfunction in this patient population. 31 Obtaining a cardiac magnetic resonance imaging scan will provide a better assessment of the degree of cardiomyopathy and may provide better guidance regarding therapy. Our findings did not show dilated left ventricles for the group as a whole. This is an interesting finding and it may be because of the fact that the mode of pathological cardiac remodeling in DMD patients is distinct from patients with traditional nonischemic cardiomyopathy. Automatic implantable cardioverter-defibrillators in the group were implanted as primary prevention of sudden death in patients with depressed ejection fractions <35% for >3 months on optimal medical therapy. This approach is standard practice in heart failure management, and in our practice we consider implantation of automatic implantable cardioverter defibrillators for primary prevention after the patient has been on maximally tolerated guideline-directed medical therapy for at least 3 months. 32 Finally, laboratory data will reveal several important findings. As a whole, the clinic population had elevated total creatinine kinase levels and relatively high rates of transaminitis, which is consistent with prior data noting elevated hepatic enzymes in the DMD population. 33, 34 Given the lack of significant liver dysfunction seen in prior DMD studies despite elevated hepatic enzymes, 1 possible explanation is that the elevated transaminases are markers of active muscle breakdown, in a similar fashion to the observed elevated total creatinine kinase levels. 34 
Differences Between Nonsurvivors and Survivors
The results identify several potential adverse prognostic indicators in the adult DMD population. First, though rates of ventilator use were similar between the nonsurviving and surviving groups, the nonsurviving group had significantly worse diaphragmatic muscle strength, evident by the lower MIP. This finding was not surprising, given that respiratory muscle dysfunction is a known consequence of DMD. 35 Second, there was a significant difference in the NT-proBNP concentration between the nonsurviving and surviving cohorts. NT-proBNP is a well-known marker of cardiac dysfunction and portends a worse prognosis. 36 In this clinic population, the nonsurvivors had a significantly higher NT-proBNP at baseline than did those who survived. Prior work has shown that a common mode of death among the pediatric DMD population is cardiac death, 1, 6 and the current data further complement these studies. In our study, there was a trend towards a higher proportion of the nonsurvivors having at least 1 cardiopulmonary hospitalization. In addition, most of the nonsurvivors had elevated NT-proBNPs recorded within 3 months before their death and 6 of the 8 patients died of presumed cardiac causes. In spite of 88% of the nonsurviving DMD patients being on b-blockers at the time of death, 5 of the 8 deaths occurred during their sleep, presumably because of sudden cardiac death.
Third and perhaps most strikingly, the nonsurviving cohort had significantly lower weights and BMIs. These findings were not driven by a few outliers, as the nonsurviving cohort had a significantly higher proportion of patients who were underweight on arrival to the clinic. These observations have not been previously reported in the literature to the best of our knowledge. In other disease states, including patients with advanced end-stage cardiomyopathy, being underweight and having low muscle mass are considered to be poor prognostic indicators. [37] [38] [39] [40] In these cases, low body weights with decreased BMIs were thought to be markers for frailty and end-stage disease. The current study is the first to show such an association in DMD patients. In the DMD population, this may be a sign of more extensive muscle wasting and advanced heart failure. Our nonsurviving cohort had significantly lower alanine aminotransferase values. Interestingly, all the cases of elevated hepatic enzymes were found within the surviving DMD population. As mentioned above, the hepatic enzymes are often elevated in the DMD population, which is thought to be related to muscle breakdown. The lack of elevated hepatic enzymes in the nonsurviving cohort could indicate end-stage disease, given that the muscle wasting process had run its course with less wasting, though this observation remains speculative. Finally, given there was a significant difference in age on arrival to the clinic between the nonsurvivors and survivors, a subgroup analysis was undertaken to examine age-matched subgroups to determine whether the differences noted above still held when age of entry into the clinic was taken into account. The age-matched subgroup analysis revealed that the nonsurvivors had lower systolic blood pressure, while the differences in BMI and NT-proBNP remained statistically significant. On the other hand, MIP and alanine aminotransferase were no longer significantly higher in the survivor cohort.
Our findings suggest that there is a subset of patients who are at higher risk for poor outcomes, which may be marked by low BMI, worse cardiac status, and poor respiratory function. The lower BMI could be a manifestation of the overall disease state, with lower BMIs indicating more advanced stage disease. We believe this argues for earlier initiation of guideline-directed heart failure therapy beyond angiotensinconverting enzyme inhibitors, including starting b-blockers and mineralocorticoid antagonists and implantation of automatic implantable cardioverter defibrillators. A more aggressive and early use of standard guideline-directed heart failure therapy may prevent decline of cardiac function, help slow progression to end-stage disease, and ultimately decrease the risk of sudden death in this patient population. In addition, an evaluation of a DMD patient with high-risk features on initial presentation should involve a transparent and open discussion with the patient and his family regarding the goals of care to ensure a clear understanding of overall prognosis. Collectively, this approach calls upon close coordinated efforts between the pediatric and adult care teams in order to fully optimize clinical outcomes among DMD patients.
The current study has several strengths. First, the clinic is managed by a single heart failure/VAD/transplant trained cardiologist with special expertise in managing patients affected by a variety of neuromuscular diseases, which adds a level of standardization to the care of the patients studied. Second, the clinic serves as a continuum of care from the Pediatric MDA Clinic within the Children's Medical Center of Dallas, a well-regarded Center for the management of neuromuscular disorders of childhood. However, this study should be interpreted in light of several limitations. First, this is a single-center experience. While the clinic cohort is relatively large for a DMD-specific population, the practice patterns may be somewhat different compared with other centers, which may limit the generalizability of the findings. There were several findings that trend in the direction of being significant, such as the proportion of deceased patients with elevated troponins, narrower pulse pressures in the nonsurviving cohort, and higher aspartate aminotransferase values in the surviving cohort. Overall, the small sample size may have increased the chance of a type II error, leading to false negative results. While we believe that associations found have biological and clinical validity, multiple testing leading to false positive results is a possible limitation. In addition, the total number of deaths is too small to allow for advanced multivariable modeling with Cox regression to obtain proportional hazards. Another limitation remains the possibility of survivor bias. Although we per se cannot account for this bias in the current study, in 2017 the number of DMD patients who die of advanced DMD-associated cardiomyopathy in their teenage years is believed to be low. Finally, given that this is a retrospective cross-sectional study, the results are not meant to imply causal associations, and should be interpreted as exploratory analyses.
The growing adult DMD population is a continuing challenge for the adult cardiology community, and studies investigating this groups' specific clinical characteristics are vital to delivering appropriate care to this high-risk population. The current study identified several important factors that are associated with death and is an initial step toward recognizing the high-risk subset of patients within this population, allowing for more intensive and tailored approaches to therapy. Collectively, the data also raise the question of whether implantation of automatic implantable cardioverter defibrillators in DMD patients should be pursued concomitantly while guideline-directed medical therapy is being pursued. Future studies will expand upon the current findings with prospective, multicenter models to create predictive models and investigate novel approaches to treating DMD-associated cardiomyopathy. Ultimately these future studies will provide better cardiovascular care to this emerging and vulnerable population with a high burden of developing a cardiomyopathy. 
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